Colon cancer progression is characterized by activating mutations in Ras and by the emergence of the tumor-promoting effects of transforming growth factor-B
Introduction
Mutations in oncogenes or tumor suppressor genes, in combination with tumor cell interaction with its microenvironment, play important roles in regulating cancer cell growth and behavior. Approximately 90% of human pancreatic cancers and 50% of colon cancers have conserved activating mutations in k-Ras (1), and activation of the downstream mitogen-activated protein kinase, mitogen-activated protein kinase/extracellular signal-regulated kinase (ERK) kinase (MEK), occurs in >70% of colorectal tumors (2) , implicating Ras activation as a central regulator of carcinogenesis.
Transforming growth factor-h (TGF-h) is normally growth inhibitory for intestinal epithelial cells (3, 4) and functions through activation of the Smad signaling pathway to initiate transcription of target genes that potently inhibit cell growth (5) . However, increased TGF-h expression is observed in >90% of cancers (6) and is associated with advanced stage, increased recurrence, and poor prognosis in colorectal cancer (CRC; refs. 7, 8) . We and others have found that transforming events, such as Ras activation, contribute to both the resistance of epithelial cells to growth inhibition by TGF-h as well as to the tumor-promoting effects of TGF-h signaling (4, (9) (10) (11) .
The interactions between the Ras and TGF-h signaling cascades are well described in keratinocytes and mammary epithelial cells. Oncogenic H-RasV12 -transformed keratinocytes are refractory to TGF-h -mediated growth inhibition and have reduced TGF-h-Smad signaling due to decreased ligand and TGF-h type II receptor (ThRII) expression and nuclear accumulation of Smad2/3 (12, 13) . TGF-h cooperates with Ras in EpRas mammary epithelial cells to induce a spindly phenotype, loss of cell-cell junction integrity associated with cytoplasmic localization of E-cadherin and h-catenin, decreased expression of epithelial markers, increased expression of mesenchymal markers, and increased invasion (14) . Blocking TGF-h signaling with dominant-negative ThRII expression in EpRas cells blocks epithelial to mesenchymal transition (EMT), invasion, tumor growth, and metastasis (14) . TGF-h stimulates Ras-dependent ERK activity and increases motility and invasion in transformed keratinocytes (15) . Furthermore, restoration of low levels of ThRII expression in colon cancer cell lines increases cell invasiveness but high ThRII expression restores the growth-inhibitory effects of TGF-h (14) . Expression of Smad7, which inhibits TGF-h-Smad signaling, induces oncogenic Ras-expressing keratinocytes to form carcinomas instead of papillomas (16) . TGF-h and Ras cooperate to increase invasion and migration in breast cancer cells and TGFh -induced EMT requires active MEK/ERK signaling (17, 18) . These studies indicate that activation of oncogenes, such as Ras, causes a switch in the TGF-h response in epithelial cells from tumor suppression to tumor promotion.
We previously reported that conditional oncogenic HaRasV12 expression causes morphologic changes consistent with EMT, actin reorganization, increased vimentin expression, decreased E-cadherin expression, and increased invasiveness of rat intestinal epithelial cells (RIE:iRas cells; ref. 11) . TGF-h enhances EMT in RIE:iRas cells transformed by oncogenic Ras, further decreasing E-cadherin expression, increasing nuclear localization of h-catenin, and increasing cell invasiveness (11, 19) . Interestingly, although blocking TGF-h signaling with dominant-negative ThRII expression decreases the growthinhibitory effect of TGF-h regardless of RasV12 expression, dominant-negative ThRII also decreases TGF-h -induced invasion in Ras-transformed cells, showing that TGF-h has both tumor-suppressing and tumor-promoting functions (11) .
The mechanisms by which oncogenic Ras and TGF-h cooperate to induce EMT and invasion are not completely understood. We have shown that oncogenic Ras induces degradation of Smad4 in the rat intestinal epithelial cells, expression of which is necessary for TGF-h -induced growth suppression, suggesting that oncogenic Ras inhibits the growth-inhibitory Smad-mediated responses of TGF-h (10) . Recently, TGF-h treatment of oncogenic Ras-expressing cells was shown to synergistically induce cyclooxygenase-2 (COX-2) mRNA and protein expression through a mechanism of increased COX-2 mRNA stability involving the AU-rich element (ARE) region of the COX-2 3 ¶-untranslated region (3 ¶-UTR; refs. 19, 20) . Interestingly, increased COX-2 expression and mRNA stability in colon cancer cell lines is associated with increased growth and tumor size (21) .
In this study, we examined the collaborative effects of Ras and TGF-h by gene expression profiling. To characterize changes in gene expression related to the cooperative effect on malignant behavior that occurs with TGF-h treatment of Rastransformed cells, we examined global gene expression patterns induced by Ras transformation alone, TGF-h treatment alone, and the combination of Ras transformation and TGF-h treatment by oligonucleotide microarray.
We found that oncogenic Ras and TGF-h together have a more than additive, or synergistic, effect on the expression of a set of genes that are enriched for ARE-containing mRNAs. Consistent with this effect, we found that oncogenic Ras and TGF-h synergistically increase the expression of vascular endothelial growth factor (VEGF) through stabilization of its ARE-containing mRNA. Furthermore, we found that VEGF and other synergistically regulated genes, particularly AREcontaining transcripts, are differentially regulated in stage IV colorectal adenocarcinomas. Thus, we show that the cooperation between oncogenic Ras and TGF-h resulting in EMT and malignant cell behaviors may occur through aberrant posttranscriptional regulation of gene expression with biological relevance to human CRC.
Results

Ras and TGF-b Specifically Activate Downstream Effectors in RIE:iRas Cells
To examine the interaction between oncogenic Ras and TGF-h signaling, we used rat intestinal epithelial cells stably transfected with an inducible activated H-RasG12V construct (RIE:iRas cells) in which oncogenic Ras expression induces EMT and invasion, which is further augmented by treatment with TGF-h (11, 20) . To validate that this phenotypic transformation is specific for Ras activation and TGF-h treatment, both immediate downstream effectors (i.e., Smads and MEK) as well as targets further downstream, such as COX-2, were examined in the RIE:iRas cells.
TGF-h -induced activation of its primary downstream effector, Smad2, was examined by Western blotting for phosphorylated Smad2. Treatment of RIE:iRas cells for 24 h with TGF-h induced robust phosphorylation and activation of Smad2 in the presence or absence of Ras induction (Fig. 1A) , whereas oncogenic Ras alone did not activate Smad2. An inhibitor of the kinase activity of ThRI, which blocks its ability to activate downstream effectors, was used for two purposes: first, to confirm the specificity of TGF-h treatment, and second, to determine whether oncogenic Ras expression induces expression of TGF-h in the RIE:iRas cells and whether this TGF-h then acts alone or in concert with RasV12 to activate downstream signaling. Inhibition of ThRI activity with LY364947 (TRKi) blocks TGF-h -induced phosphorylation of Smad2 (Fig. 1A ). When RIE:iRas cells were treated with TRKi to inhibit TGF-h signaling, TGF-h -induced expression of COX-2, a known downstream effector of TGF-h (20) , was completely blocked and the cooperative induction of COX-2 by Ras and TGF-h together was reduced to the level of COX-2 expression induced by Ras alone (Fig. 1A) .
Phosphorylation and activation of the MEK/ERK signaling pathway by oncogenic Ras and TGF-h was examined by Western blot using antibodies specific for phosphorylated ERK or total ERK. After treatment of RIE:iRas cells for 24 h with isopropyl-L-thio-B-D-galactopyranoside (IPTG), TGF-h, or IPTG and TGF-h together, ERK was phosphorylated in the RasV12-expressing cells. Although TGF-h alone transiently activates ERK within the first few hours of treatment (data not shown), MEK/ERK was not active after 24 h of TGF-h treatment alone in these cells (Fig. 1B) . No marked difference in ERK phosphorylation was seen with RasV12 and TGF-h together compared with RasV12 alone. Pretreatment of RIE:iRas cells with U0126, a MEK inhibitor, blocked both basal and Ras-induced phosphorylation of ERK. Inhibition of MEK/ERK signaling with U0126 blocked Ras-induced and slightly reduced TGF-h -induced COX-2 expression in the presence or absence of oncogenic Ras (Fig. 1B) . Taken together, these results indicate that the cooperation between oncogenic Ras and TGF-h does not occur at the level of primary signal transduction through ERK and Smads because the combination of Ras activation and TGF-h treatment does not modify the activation of ERK or Smad2 compared with either alone. Rather, these data suggest that Ras and TGF-h signaling events intersect further downstream.
Oncogenic Ras and TGF-b Synergistically Regulate Gene Expression
To assess global changes in gene expression related to the cooperative interaction of Ras and TGF-h in transformation, we conducted microarray analysis of RIE:iRas cells at 72 h after induction of H-RasV12 expression and/or TGF-h treatment while simultaneously assessing the cells for molecular and morphologic changes associated with EMT and acquisition of an invasive phenotype (11) . RNA from RIE:iRas cells left untreated, induced to express oncogenic Ras, treated with TGF-h, or after both Ras induction and TGF-h treatment together was hybridized to a 28,000-gene rat-specific oligonucleotide microarray and analyzed. Each of these treatment groups yielded both unique and overlapping gene signatures ( Fig. 2A) . Further analysis of the gene expression profile stimulated by Ras and TGF-h together revealed a set of genes that showed a more than additive, or synergistic, change with combined RasV12 expression and TGF-h treatment over either treatment alone. We found that RasV12 induction and TGF-h treatment significantly (P < 0.05) induced the expression of 553 transcripts, of which 194 showed a synergistic increase. Similarly, Ras activation and TGF-h treatment together significantly (P < 0.05) down-regulated 619 transcripts, including 185 that were synergistically decreased. In total, Ras activation and TGF-h treatment synergistically regulated 379 transcripts, representing 191 unique, annotated genes. A complete list of synergistically regulated genes is found in Supplementary Table S2 . Oncogenic Ras expression and TGF-h treatment together display a novel gene expression profile that would not have been predicted from either stimulus alone, resulting in the cooperative regulation of a cohort of genes, collectively referred to hereafter as the ''Ras and TGF-h signature.''
Validation of Microarray Results
We have previously shown that oncogenic Ras and TGF-h cooperate to synergistically increase PAI-1 and COX-2 expression (11, 20) . Independent and quantitative validation of the Ras and TGF-h signature was conducted in RIE:iRas cells for both mRNA and protein expression. The synergistic regulation of several genes implicated in tumor progression, such as Cox-2, Wnt5a, osteopontin (Spp1), and Cugbp2, was validated by quantitative real-time reverse transcription-PCR (Fig. 2B) . Additional validation at the protein level was determined by Western blot (PAI-1, Id2, and follistatin) or ELISA (TGF-a; data not shown). For each of these genes, oncogenic Ras expression combined with TGF-h treatment resulted in synergistic regulation of gene expression levels compared with each condition alone.
Ras and TGF-b Target Genes Involved in Cell Growth and Movement
The Ras and TGF-h gene signature was subsequently subjected to WebGestalt and Ingenuity Pathway Analysis to examine the signaling pathways, cellular and molecular functions, and biological processes in which these genes are involved based on the published literature. This analysis showed that one interaction network was linked through TGF-h as a central node and contained 29 genes involved in tissue morphology, cell cycle, and cellular development. Another network contained H-Ras as a central node for 13 genes with known roles in cellular movement, cancer, and cell morphology. Overall, the Ras and TGF-h signature was significantly enriched for genes associated with cell movement (52 genes; P < 0.002), development (59 genes; P < 0.002), and cell growth and proliferation (80 genes; P < 0.002). The Ras and TGF-h signature also contains several transcription factors (Zfp36l1, Fosb, Tcf7, Dmrt2, Klf4, Stat1, Id2, and Smarca2), extracellular matrix -related genes (Col5a3, Col14a1, Timp2, Adamts1, Mmp13, Mmp10, Lamb3, Lamc2, and Itga5), as well as genes involved in cell adhesion and cytoskeletal organization (Ctnnal1, Marks, Fhl3, Tns4, Frmd4a, Map1b, Ocln, Cav1, and Cadm1), angiogenesis (Vegfa, Edn1, Fgf1, and Sphk1), and several members of the TGF-h (Id2, Bmp2, Inhba, Tgfb1, Bmp4, Fst, and Pai1) and Wnt (Wnt5a, Fzd1, Wnt7b, Axin2, and Wnt2) signaling pathways. In addition, the Ras and TGF-h signature is enriched for several genes with known roles in cancer (67 genes; P < 0.002). In summary, microarray analysis revealed the gene expression program associated with oncogenic Ras-induced and TGF-h -induced EMT, which included genes with known roles in mitogenesis, migration, and invasion.
Oncogenic Ras and TGF-b Synergistically Increase VEGF mRNA and Protein Expression
Because the angiogenic factor VEGF has a well-established role in promoting cancer progression and metastasis (22) (23) (24) (25) , we verified that VEGF mRNA and protein levels were synergistically induced by activated Ras in combination with TGF-h exposure. VEGF levels were determined by ELISA in conditioned medium from RIE:iRas cells treated for 24 h with IPTG to induce oncogenic Ras expression, TGF-h, or both IPTG and TGF-h. Untreated RIE:iRas cells produce low levels of VEGF protein. Treatment of RIE:iRas cells with TGF-h or expression of oncogenic Ras alone increased VEGF protein levels in the medium by 3-to 4-fold, whereas oncogenic Ras and TGF-h together synergistically increased VEGF protein levels >15-fold (Fig. 3A) . Similar results were observed after 72 h of treatment (data not shown). Likewise, steady-state VEGF mRNA levels are very low in untreated RIE:iRas cells and increase 6-and 4-fold after IPTG induction of RasV12 or TGF-h treatment, respectively, but increase >13-fold with RasV12 expression and TGF-h together (Fig. 3A) . The cooperative effects of RasV12 and TGF-h on VEGF protein expression were confirmed independently in young adult mouse colonocyte (YAMC) cells and YAMC cells stably transfected with RasV12 (YAMC-Ras). Oncogenic Ras expression increased VEGF expression in YAMC-Ras cells compared with parental cells and TGF-h treatment cooperated with RasV12 to further increase VEGF expression (Fig. 3B) .
Induction of VEGF by TGF-h treatment is dose dependent, leveling out at 0.2 ng/mL TGF-h (Fig. 3C ). IPTGinduced oncogenic Ras expression also stimulated VEGF in a dose-dependent manner (Fig. 3D) ; however, the nature of the Lac operon-controlled inducible system relies more on a threshold IPTG dose to induce Ras expression than on a gradient response. However, TGF-h treatment and RasV12 induction together have a synergistic interaction on the production of VEGF (all P < 0.0001, test for interaction in regression). These results show the dose-dependent and synergistic induction of VEGF expression stimulated by Ras and TGF-h together compared with each alone.
VEGF Induction by Oncogenic Ras and TGF-b Is Independent of COX-2 Activity
Because previous studies have indicated a role for COX-2 in the induction of VEGF in tumor cells (26) (27) (28) (29) (30) , we wanted to examine the secondary effects of COX-2 activity in the RIE:iRas model system. A COX-2 -specific inhibitor, NS398, was used at a concentration (10 Amol/L) that completely inhibits COX-2 -dependent prostaglandin production (27) . Inhibition of COX-2 activity and prostaglandin production at this dose had no effect on the synergistic induction of VEGF by oncogenic Ras and TGF-h (Fig. 4A) , indicating that Ras and TGF-h signaling regulate VEGF expression independently of COX-2. Prostaglandin levels, and thus COX-2 activity, were assessed by 6-keto-PGF 1a , a stable metabolite of PGI 2 and one of the major prostaglandins produced by COX-2 activity in these cells (Fig. 4B) . Similar results were obtained with the COX-2 inhibitor celecoxib and a similar response was observed for PGE 2 levels (data not shown). These data show that oncogenic Ras and TGF-h regulate VEGF gene expression through a COX-2 -independent mechanism.
Oncogenic Ras and TGF-b Cooperate to Increase VEGF mRNA Stability
Our previous work shows that oncogenic Ras and TGF-h synergistically increase COX-2 expression and mRNA stability through a mechanism involving AREs in the 3 ¶-UTR of its mRNA transcript (20) . VEGF mRNAs also contain AREs in their 3 ¶-UTR that target VEGF mRNA for rapid degradation (31) (32) (33) (34) . We hypothesized that Ras and TGF-h cooperatively regulate global gene expression profiles through a posttranscriptional mechanism involving AREs. To test this hypothesis, we first examined the half-life of VEGF mRNA in the context of oncogenic Ras expression and TGF-h treatment and found that in untreated cells rapid decay was observed, yielding a halflife of 25 min for VEGF mRNA. Either Ras induction or TGF-h treatment alone increased the stability of VEGF mRNA significantly (both P < 0.0001), extending the half-life to 50 to 55 min. Furthermore, we found that combined Ras activation and TGF-h treatment together also significantly increased VEGF mRNA stability (P < 0.0001), extending the half-life to 120 min (Fig. 5) . Although no interaction above the additive effects of TGF-h and RasV12 was seen in mRNA stability (all P > 0.1788), combined oncogenic Ras expression and TGF-h markedly potentiated VEGF mRNA stability compared with each alone. These results show that oncogenic Ras and TGF-h cooperate to increase VEGF expression through increased VEGF mRNA stability. were treated with either vehicle, 5 mmol/L IPTG, 3 ng/mL TGF-h, or both IPTG and TGF-h for 24 h. VEGF protein levels were measured in conditioned medium by ELISA and normalized to total protein concentrations. Box plot shows data summarized from seven independently replicated experiments. *, P < 0.004, compared with untreated; **, P < 0.03, compared with untreated; #, P < 0.002, compared with all treatments. VEGF mRNA levels in RIE:iRas cells were visualized by Northern blot using a mouse VEGF 165 cDNA probe and 18S rRNA visualized with ethidium bromide. Northern blot is representative of six separate experiments.
B. YAMC and YAMC-Ras cells were treated with or without 5 ng/mL TGF-h for 24 h and then VEGF levels were measured in conditioned medium by ELISA and normalized to total protein concentrations. Box plot shows data from eight independently replicated experiments. #, P < 0.0001, compared with all samples. C and D. RIE:iRas cells were treated with IPTG and/or TGF-h at varying doses for 24 h and VEGF levels were measured in conditioned medium by ELISA and normalized to total protein concentrations. Cells were treated with or without 5 mmol/L IPTG and 0, 0.04, 0.2, 1, 5, or 10 ng/mL of TGF-h or cells were treated with or without 3 ng/mL TGF-h and 0, 0.001, 0.01, 0.1, 1, or 5 mmol/L of IPTG. Points, average of three independent experiments; bars, SE. Dose dependence and synergistic interaction were confirmed via multiple linear regression (all P < 0.0001).
Oncogenic Ras and TGF-b Regulate ARE-Containing Genes
To further test the hypothesis that Ras and TGF-h cooperate to regulate gene expression posttranscriptionally, the Ras and TGF-h signature was examined for ARE motifs that mediate posttranscriptional regulation of gene expression (35) and function as binding sites for specific RNA-binding proteins that regulate the rate of RNA degradation and translation (36, 37) . We found that 39% of the 379 synergistically regulated transcripts contained AREs in their 3 ¶-UTRs using a multiplesearch approach. Among the 191 unique genes in this set with annotations, 105 (56%) contain AREs (Supplementary Table  S2 ). Because only 5% to 8% of the transcriptome is estimated to contain such elements (35) , the Ras and TGF-h signature was found to be enriched >4-fold with ARE-containing genes. To assess the statistical significance of ARE gene representation, we used the recently developed and stringent ARED Organism database (38) . We observed a statistically significant 4-fold increase in ARE gene representation in the set of synergistically regulated genes (P = 0.001; Table 1 ). Interestingly, we also observed a 4-fold enrichment of ARE-containing genes among those genes differentially regulated in response to Ras expression (P = 0.0001) or TGF-h treatment (P = 0.0002) alone or together (P = 0.0001). It should be noted that the ARED Organism method is very stringent and noncomprehensive due to the high number of rat genes with incomplete or missing 3 ¶-UTRs. The synergistically regulated ARE-containing genes are significantly enriched for genes associated with cell migration and invasion (P < 0.002), cell growth and proliferation (P < 0.001), and cancer (P < 0.004). The biological and molecular functions of some of these genes are listed in Table 2 . The overrepresentation of ARE-containing genes in the Ras and TGF-h signature suggests that neoplastic transformation results in profound changes in gene expression through posttranscriptional mechanisms.
Clinical Significance of ARE-Containing Genes in CRC Progression
To determine whether the Ras and TGF-h signature derived from RIE:iRas cells provides mechanistic insights into the human disease, we examined global gene expression profiles from human CRCs. We obtained gene expression profiles from CRC samples using the Affymetrix U133 Plus 2.0 array. We analyzed these profiles for genes significantly (Q < 0.05) changed in human stage IV metastatic colorectal adenocarcinomas compared with adenomas and found that 7,721 transcripts, corresponding to 3,694 unique Ensembl Gene IDs, were differentially regulated.
Previous studies have shown that dysregulation of mRNA stability may occur during the malignant transformation of cancer cells through mutations in the cis-regulatory elements or by dysregulation of the trans-acting proteins that bind these elements (21, 39, 40) . Taken together with our observation that ARE-containing genes are enriched in the Ras and TGF-h signature, we asked whether a similar ARE-mRNA enrichment occurs in human CRC samples. We examined the set of 3,694 genes differentially regulated between adenomas and stage IV adenocarcinomas for the presence of conserved ARE motifs (35) and found a 3-to 4-fold enrichment in ARE-containing genes, observing an increase in ARE-mRNAs from 5% to 8% of the whole transcriptome to 20.2% within the differentially regulated transcripts (Supplementary Table S3 ). To facilitate statistical analysis, we used the stringent ARED database (38) and found that ARE representation in this gene list was statistically significant (P = 0.001; Table 3 ). Furthermore, we observed AREs in 13% to 18% of the genes differentially expressed between adenomas and any stage of adenocarcinoma, including stage I (P = 0.001), II (P = 0.001), or III (P = 0.002), and all adenocarcinomas combined (P = 0.0002), representing a statistically significant enrichment. A notable enrichment of ARE-containing genes (20.3%) was also observed in the list of genes differentially regulated in latestage CRC samples that were analyzed with the ABI microarray platform (data not shown).
Several ARE-containing genes that are differentially expressed between human adenomas and stage IV CRC overlap with genes that are also present in the Ras and TGF-h gene signature derived from RIE:iRas cells (Table 4 ). There is a high correlation (8 of 11) in the direction of expression change between the oncogenic Ras-regulated and TGF-h -regulated genes and stage IV CRC. Several of the genes in common between the rat cellular model and human CRC are involved in cell proliferation and adhesion, such as COL14A1, GNE, MBP, VEGF protein in conditioned medium was measured by ELISA and normalized to total protein concentration. Box plots show data from four independently replicated experiments. B. Prostacyclin (6-keto-PGF 1a ) levels in conditioned medium were measured by gas chromatographymass spectrometry. Box plots show data from four independently replicated experiments. Significance between no inhibitor and NS398 treatment was determined by ANOVA with Bonferroni correction. *, P < 0.0001, compared with TGF-h; **, P = 0.09, compared with Ras; #, P < 0.0001, compared with Ras + TGF-h.
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Mol Cancer Res 2008;6(7). July 2008 PAI-1, TFP1, and VEGFA. Furthermore, three of these genes, VEGFA, PAI-1, and TFP1, have well-established roles in cancer. Taken together, these results indicate that molecular events in transformed RIE:iRas cells reflect the gene expression changes in human tumors and could provide mechanistic insights into the oncogenic process.
Discussion
The molecular mechanisms leading to the malignant transformation and metastasis of cancer cells are incompletely understood and are of utmost importance if we hope to effectively treat patients and decrease cancer-related fatalities. Given the heterogeneity and complexity of human tumors, experimental models of tumor cell behavior are invaluable for the elucidation of key regulators and mechanisms contributing to malignancy. In this study, we used a rat intestinal epithelial cell line under nontransforming and highly transforming conditions to characterize pathway-specific gene expression signatures in well-controlled conditions and found that a global mechanism of posttranscriptional regulation of gene expression is important during Ras-mediated and TGF-h -mediated EMT in vitro and is relevant to CRC. TGF-h treatment enhances oncogenic Ras-induced transformation and invasion in intestinal epithelial cells. One explanation for this is that Ras and TGF-h each moderately activate the same pathways and that threshold effects are achieved when the two are activated in combination. In this study, TGF-h -mediated activation of Smad2 was not affected by Ras expression and Ras activation of ERK was not affected by TGF-h treatment, although Ras and TGF-h together cooperate to induce COX-2 expression. These results show that synergy between Ras and TGF-h occurs downstream or in parallel with the primary effectors of Ras and TGF-h signaling. Thus, cross-talk between Ras and TGF-h could lead to threshold activation and uniquely regulate a set of genes that neither alone affects. This study set out to examine how the interaction of oncogenic Ras expression and TGF-h treatment together affects cells differently than either stimulus alone. Microarray analysis allowed us to examine global gene expression patterns and define a Ras and TGF-h expression signature consisting of genes that are regulated in a more than additive, or synergistic, way in response to the combined effects of oncogenic Ras and TGF-h. Quantitative validation of several genes in the Ras and TGF-h signature at the mRNA and protein levels showed that Ras and TGF-h interact to synergistically regulate gene expression.
The collaboration of Ras and TGF-h in regulating VEGF was of particular interest to us because VEGF is known to play an important role in the angiogenesis necessary for tumor growth and metastasis (22) (23) (24) (25) . We showed that Ras and TGF-h synergistically regulate VEGF mRNA and protein expression in RIE:iRas cells and in an independent colon cancer cell line, showing that this response is not cell line specific. VEGF is induced in a dose-dependent manner by both TGF-h and Ras induction and we show here that the combination of Ras and TGF-h together induces VEGF expression more than predicted from the effect of each alone. The synergistic increase in VEGF expression during oncogenic Ras-induced and TGF-h -induced EMT may not be accounted for solely due to increased transcriptional activity of the VEGF gene. The posttranscriptional regulation of COX-2 by Ras and TGF-h (20) and recent literature showing that under certain conditions VEGF mRNA stability may be altered (31) (32) (33) (34) suggest that changes in posttranscriptional regulation are an important determinant of VEGF expression in cancer cells. We show here that cooperation between TGF-h and oncogenic Ras increased VEGF mRNA and protein expression by stabilizing VEGF mRNA.
We sought to determine the molecular mechanism by which oncogenic Ras and TGF-h synergistically regulate gene expression to gain insight into gene expression patterns associated with carcinogenesis. The synergistic regulation of both VEGF and COX-2 (20) mRNA stability suggested to us that posttranscriptional gene regulation is an important component of the collaborative effects of oncogenic Ras and TGF-h signaling. The primary mechanism for posttranscriptional regulation is through AREs that are located in the 3 ¶-UTR of mRNA (41, 42) , and significantly, 39% of genes synergistically regulated in this study contain AREs representing 4-fold enrichment compared with the genome as a whole (35) . Among the genes increased or decreased by oncogenic Ras expression and TGF-h treatment, alone or together, we also observed a 4-fold enrichment of ARE-containing genes, suggesting that in addition to COX-2 and VEGF, several other genes known to be involved in tumor progression may also be coregulated by a similar posttranscriptional mechanism. This enrichment of ARE-containing genes indicates that the regulation of mRNA stability is an important mechanism of gene regulation during EMT.
There is a growing body of evidence suggesting that defects in mRNA turnover play a central role in cellular transformation. Specific immediate-early genes (proto-oncogenes among them), growth factors, cytokines, and genes encoding other inflammatory mediators, such as COX-2 and VEGF, have shown to be regulated though mRNA stabilization (43) . Through specific interaction with AREs, RNA-binding proteins can be either positive or negative regulators of stability and translation (44) . Our Ras and TGF-h signature contains two known RNAbinding proteins. Heterogeneous nuclear ribonucleoprotein A/B, a member of the heterogeneous nuclear ribonucleoprotein family of RNA-binding proteins involved in RNA trafficking and splicing, increased >3-fold with combined Ras expression and TGF-h treatment. In addition, CUGBP2, which has been shown to bind the COX-2 3 ¶-UTR and promote its stability while inhibiting its translation in response to ionizing radiation (45) , decreased >4-fold in response to Ras expression and TGF-h treatment. Furthermore, increased expression and cytoplasmic localization of HuR, a RNA-binding protein that stabilizes ARE-containing mRNA transcripts such as COX-2 in vitro (21, 46) , is correlated with elevated COX-2 expression and poor outcome in ovarian, breast, and colon cancers (21, 40, 47, 48) . Thus, modulating the expression, activity, and binding specificity, these trans-acting regulatory proteins could change the RNA-protein complexes formed, profoundly affecting RNA decay and protein translation. Although beyond the scope of this study, resolving the role of RNA-binding proteins during oncogenic Ras-mediated and TGF-h -mediated EMT could contribute important insights into the mechanisms of malignant transformation. During Ras-induced and TGF-h -induced EMT and invasiveness, RIE:iRas cells model aspects of human tumor cell behavior (11, 20) . We found that several of the ARE-containing transcripts in the Ras and TGF-h gene signature derived from RIE:iRas cells are also differentially regulated in metastatic tumors compared with early adenomas, including VEGFA and PAI-1. To further determine whether genes in the Ras and TGF-h signature are significant for human malignancy, we analyzed human CRC gene expression profiles for the presence of RNA regulatory elements. The genes that are differentially regulated in late-stage carcinomas compared with adenomas show a 3-fold enrichment in ARE-containing genes compared with the genome as a whole (35) and a similar enrichment is seen as early as stage I, suggesting that posttranscriptional gene regulation could be an important intracellular regulatory mechanism involved in early tumor progression from adenoma to invasive carcinoma.
In summary, through microarray-based gene expression profiling, we showed in this study that oncogenic Ras and TGF-h synergize to regulate the expression of numerous genes, resulting in an enrichment of expression in ARE-containing mRNAs in rat intestinal cells. The reflection of this gene expression profile and enrichment of AREs in human CRC cancers shows that this experimental model system can provide novel molecular explanations of EMT and cancer progression. Taken together with evidence that expression of VEGF and COX-2 (20) is coordinately and synergistically increased by combined oncogenic Ras and TGF-h signaling through a mechanism of mRNA stabilization, these results underscore the importance of the regulation of mRNA stability as a common mechanism of gene regulation that contributes to malignant cell behavior and provides insight into the mechanisms of metastatic CRC progression.
Materials and Methods
Cell Culture
Rat intestinal epithelial cells stably expressing inducible Ha-RasG12V cDNA under the control of the Lac operon (RIE:iRas) were derived and cultured as previously described (20) . Transcriptional expression of Ha-RasG12V was induced by treatment with 5 mmol/L isopropyl-1-thio-h-D-galactopyranoside (IPTG; Sigma-Aldrich). YAMCs and YAMC cells expressing Ha-RasG12V (YAMC-Ras) were derived and maintained as previously described (49) in permissive conditions at 33jC in RPMI 1640 containing 5% fetal bovine serum and 5 units/mL murine IFN-g (Roche). For all experiments, YAMC and YAMC-Ras cells were cultured under nonpermissive conditions at 37jC without IFN-g. TGF-h was purchased from R&D Systems. U0126 was purchased from Calbiochem. A pharmacologic inhibitor of ThRI (LY364947 or TRKi) was provided by Eli Lilly. NS398 was from Cayman Chemical Co. and celecoxib was from Pharmacia and Upjohn.
Western Blots
Cells were lysed in radioimmunoprecipitation assay buffer and stored at À80jC until use. Protein samples were separated by SDS-PAGE (20-40 Ag/lane) and transferred to polyvinylidene difluoride. The blots were blocked in PBS containing 0.1% Tween 20 and 5% bovine serum albumin or milk and incubated overnight in primary antibody at 4jC, rinsed, then incubated for 1 h in horseradish peroxidase -conjugated secondary antibody (Santa Cruz Biotechnology), and developed with enhanced chemiluminescence (Amersham). Antiphosphorylated ERK, anti-ERK, and anti -h-actin antibodies were purchased from Sigma-Aldrich. Anti -phosphorylated Smad2 antibody was purchased from Cell Signaling Technology. Anti-Smad2 antibody was purchased from Invitrogen. Anti-COX-2 was purchased from Santa Cruz Biotechnology.
Microarray
RIE:iRas cells were plated at 0.5 Â 10 6 per 10-cm plate and allowed to attach overnight, and then cells were left untreated or treated for 72 h with 5 mmol/L IPTG (for H-RasV12 induction), 3 ng/mL TGF-h, or IPTG and TGF-h together in DMEM containing 0.5% fetal bovine serum. RNA was collected from three (IPTG and TGF-h) or four (untreated and IPTG + TGF-h) independent cultures. RNA was purified using the RNeasy kit from Qiagen according to the manufacturer's protocol, except no h-mercaptoethanol was added to lysis buffer. RNA was eluted with 10 mmol/L Tris/diethyl pyrocarbonate H 2 O at pH 8.0, and samples were submitted to the Vanderbilt Microarray Shared Resource. 10 RNA quality was assessed with an Agilent 2100 bioanalyzer and then hybridized to Affymetrix Rat Genome 230 2.0 GeneChip Expression arrays according to the manufacturer's instructions. Data sets were normalized and background subtracted by the Robust MultiChip Analysis method (50) . For each replicate, samples treated with IPTG and/or TGF-h were compared with the matched untreated sample. Gene expression increases or decreases were defined by a log2 ratio (treated/untreated) greater than 1 or less than À1, respectively, using GeneSpring software (Agilent Technologies). Synergistic regulation is defined as IPTG and TGF-h together showing a more than additive increase or decrease in expression compared with IPTG and TGF-h alone in at least two of three replicates. Significance of differentially expressed genes was determined using the Benjamini-Hochberg multiple testing comparison with a P value of <0.05.
RNA isolated from human CRC samples (5 adenomas and 60 colon adenocarcinomas) was hybridized to Affymetrix U133 Plus 2.0 GeneChip Expression arrays according to the manufacturer's instructions. Analysis of microarray results was done as described for the rat arrays using the Affymetrix analysis functions in Bioconductor. 11 Genes differentially expressed between adenomas and adenocarcinomas were identified by a two-sample t test and probes with a Q value of <0.05 were selected for further analysis (51).
Real-time Reverse Transcription-PCR
RNA isolated for microarrays and validation was purified via RNeasy kit according to the manufacturer's instructions. cDNA synthesis was done using 300 ng RNA with SuperScript III Reverse Transcriptase from Invitrogen and one gene-specific primer at 50jC. Real-Time SYBR Green/Fluorescein PCR Master Mix was obtained from SuperArray. Primers for phosphomannomutase 1 (Pmm1), Ptgs2, Wnt5a, and Cugbp2 were designed in our laboratory and ordered from IDT Technologies (see Supplementary Table S1 for sequences). PCRs were prepared according to SYBR Green Master Mix protocol (SuperArray) and analyzed using a Bio-Rad iCycler under the following conditions: 95jC for 13.5 min (1 cycle), 95jC for 15 s, 55jC for 30 s, 72jC for 30 s (45 cycles); 72jC for 7 min (1 cycle), melt curve of 50jC for 10 s and temperature increase by 0.4jC for each cycle (100 cycles). Real-time PCR was done with four biological replicates of RIE:iRas RNA. All samples were set up in quadruplicate with efficiencies for each well calculated from the slopes of the exponential phase of the log-transformed reaction curves. Fold changes were calculated according to the methods of Schefe et al. (52) . Reactions using Pmm1 housekeeping gene were used to normalize all data sets (53) . ANOVA with Bonferroni correction was used to examine differences between mean fold change in gene expression among three treatment groups. Statistical analyses were done using KaleidaGraph version 4.03.
ELISA
RIE:iRas or YAMC cells were treated with TGF-h and/or IPTG for 24 h in serum-containing medium, conditioned media were collected, and cells were lysed in radioimmunoprecipitation assay buffer [150 mmol/L NaCl, 1% NP40, 1% sodium deoxycholate, 0.1% SDS, 50 mmol/L Tris-HCl (pH 8.0), 2 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 3 Ag/mL aprotinin, 10 Ag/mL leupeptin, 0.25 mmol/L vanadate, 10 mmol/L NaF]. Media and lysates were stored at À80jC until use. Samples were thawed and an ELISA was done using the rat/mouse VEGF DuoSet kit (R&D Systems) according to the manufacturer's instructions. VEGF concentration (ng/mL) was normalized to total protein levels in cell lysates as determined by bicinchoninic acid protein assay (Pierce). ANOVA was used to examine differences between mean VEGF protein expression levels among four treatment groups. Statistical analyses were done using Statistical Analysis System version 9.1 and R version 2.1.1. VEGF dose response was modeled via multiple linear regression with terms for linear, quadratic, and interactions between log IPTG and log TGF-h concentration.
RNA Extraction and Northern Blot
Total cellular RNA was extracted using Trizol (GibcoBRL) following the manufacturer's instructions. RNA was separated on a formaldehyde-agarose gel (10 Ag/lane) and transferred to Hybond N (Amersham). Membranes were hybridized for 16 h at 42jC with a mouse VEGF 165 cDNA probe labeled with [a-32 P]dCTP by random primer extension (DECAprime II kit, Ambion). Membranes were then washed and mRNA levels were examined by autoradiography and quantified by phosphorimaging. Background was subtracted from VEGF mRNA levels and RNA loading was normalized to 18S rRNA visualized with ethidium bromide and quantified with a BioRad Gel Doc. Where indicated, RIE:iRas cells were treated for 24 h with TGF-h, IPTG, or both and then transcription was inhibited by treatment with 5 Ag/mL actinomycin D (SigmaAldrich) for up to 4 h. Mouse VEGF 165 cDNA was a gift from Charles Lin (Vanderbilt University, Nashville, TN). VEGF mRNA half-life was estimated from a log-linear plot of VEGF/18S ratio versus time and least squares regression analysis. VEGF mRNA stability was modeled on a log scale via multiple linear regression with effects for time, TGF-h, IPTG, and interactions between treatments and between treatments and time, controlling for differences in three biological replicates.
Prostaglandin Analysis
RIE:iRas cells were pretreated for 15 min with 10 Amol/L NS398, 10 Amol/L celecoxib, or an equal volume of DMSO vehicle in DMEM with 0.5% fetal bovine serum, and then 5 mmol/L IPTG and/or 3 ng/mL TGF-h were added for an additional 24 h. Prostaglandins (PGF 1a and PGE 2 ) in conditioned medium were quantified by the mass spectrometric method developed by the Morrow laboratory, as previously described (54) .
Human Colorectal Tissue Collection and Processing
Sixty-five patients were recruited at the Vanderbilt-Ingram Cancer Center at Vanderbilt University Medical Center and the Tennessee Valley Healthcare System Veterans Affairs Medical Center in Nashville, Tennessee between 2003 and 2005. All patients were diagnosed with adenoma or colorectal adenocarcinoma (stages I-IV) according to current American Joint Committee on Cancer guidelines. Patients used for this study were further selected based on the diagnosis of adenoma (n = 5 for Affymetrix analysis and n = 5 for ABI analysis), stage I (n = 10), stage II (n = 14), stage III (n = 17), or stage IV colorectal adenocarcinoma (n = 19 for Affymetrix analysis and n = 6 for ABI analysis). Informed consent was obtained from each patient and all protocols and procedures were approved by the Institutional Review Board at Vanderbilt University Medical Center and the Nashville Veterans Affairs Medical Center.
